Introduction Obstructive sleep apnea (OSA) is a common disorder that is associated with impaired attention, memory and executive function. However, the mechanisms underlying such dysfunction are unclear. To determine the influence of sleep fragmentation and hypoxia, this study examined the effect of sleep fragmentation and hypoxia on cognition in OSA, while controlling for potentially confounding variables including sleepiness, age and premorbid intelligence. Method Participants with and without OSA (N=150) were recruited from the general community and a tertiary hospital sleep clinic. All underwent comprehensive, laboratory-based polysomnography (PSG) and completed assessments of cognition including attention, short-and long-term memory and executive function. Structural equation modelling (SEM) was used to construct a theoretically-driven model to examine the relationships between hypoxia and sleep fragmentation, and cognitive function.
Introduction
Obstructive sleep apnea (OSA) is a common sleep disorder [1] characterized by repeated upper airway collapse resulting in intermittent hypoxia and arousals from sleep [2] . Previous studies, comparing individuals with and without OSA, have shown that OSA is associated with impaired cognitive function, particularly in the domains of attention, memory and executive function. In the attention domain, vigilance appears to be most affected [3] [4] [5] , while in the memory domain, impairment is in delayed-visual and verbal memory [4, 6, 7] , and in visuospatial/constructional memory [4] . Executive function impairments have been demonstrated in shifting, updating, inhibition, generativity and fluid reasoning [3-5, 8, 9] . Several domains of cognition appear unaffected by OSA, including language abilities [3, 4] , immediate visual and verbal memory [7] , visuospatial learning [7] , and psychomotor functions [4] .
The mechanisms underlying cognitive dysfunction in OSA remain undefined. In 2002, Beebe and Gozal [10] proposed a conceptual framework based on critical roles for sleep fragmentation and nocturnal hypoxia in the development of cognitive dysfunction in individuals with OSA. In their model, sleep is viewed as a necessary restorative process, regulating processes including reinforcing foundations for learning and memory [11] , and modulating neuroendocrine demands [12] . Disruption of these processes due to sleep fragmentation leads to an inability of the body to return to a balanced state, impairing neural function. The model also postulates that blood gas abnormalities (including hypoxia) due to periodic obstructed breathing compound this damage. A proposal of this model is that both hypoxia and sleep fragmentation contribute to impaired cognition in OSA, however, it remains unclear whether or not this is correct.
Substantial evidence exists for a negative impact on cognition by sleep fragmentation and/or sleep deprivation [13] [14] [15] [16] . Indeed, some authors argue that sleep fragmentation is the key mechanism underlying impaired cognition in OSA [15, 17] . Of note, is the finding that the nature of cognitive deficits in sleep deprived individuals is similar to individuals with OSA [13] [14] [15] . Impairment in attention and executive function is prominent amongst them [13] [14] [15] . It has also been noted that the deficits in attention in individuals with OSA are associated with indices of sleep fragmentation [18] .
Other research suggests that intermittent hypoxia experienced throughout the night by individuals with OSA is primarily responsible for irreparable neural damage and lasting cognitive impairments [3, 10] . Such permanent damage might explain the finding that, even with effective treatment (viz. abolition of hypoxia and sleep fragmentation), individuals with OSA retain some decrements in memory and executive functioning [4, 7, 8] . Thus, while there is considerable evidence that both sleep fragmentation [19] [20] [21] [22] [23] and hypoxia [4, 6, 24] lead to cognitive dysfunction in OSA, their relative importance remains unclear.
In addition to hypoxia and sleep fragmentation, other interindividual factors including age [25] , premorbid intelligence and sleepiness should be considered in any assessment of cognitive function in individuals with OSA. This is because those individuals with OSA who have high intelligence may exhibit intact performance on neuropsychological assessments, as they can recruit additional cognitive resources or utilise cognitive strategies that aid in performance, acting as a 'buffer' against brain insult and injury (i.e. cognitive reserve) [26] . Similarly, individual differences in age and subjective sleepiness in OSA could modify performance on neurocognitive tests because age independently affects cognition [27] , and excessive sleepiness lessens the ability to direct cognitive resources to attend to the task at hand [14, 25, 28, 29] .
Despite the wealth of published evidence, most studies of the cognitive burden of OSA have compared OSA to non-OSA participants [4] . By contrast, few studies have explored the relationship between the severity of OSA (e.g. as quantified by the Apnoea Hypopnea Index, AHI) and the degree of deficits experienced, and none has explored the relative contribution of the two proposed mechanisms (i.e. sleep fragmentation AND hypoxia) within the same sample, whilst controlling for premorbid intelligence, age and daytime sleepiness [25] . Thus, this study is the first comprehensively to test the relationship between the severity of sleep apnea and of cognitive deficits. To do this, we utilized structural equation modeling (SEM), a powerful analytic technique that allows testing and estimation of causal relationships between multiple potential mechanisms of cognitive dysfunction, as well as exploration of the relative importance of inter-individual factors of age, premorbid IQ and sleepiness.
Methods

Participants and protocol
In total, 150 adults (18 years and above) with and without OSA participated: 134 patients were diagnosed with OSA attending the Sleep Clinic of the West Australian Sleep Disorders Research Institute, Queen Elizabeth II Medical Centre (WASDRI-QEII), Western Australia, for diagnostic polysomnography between March 2009 and July 2011. Cognitive assessments were performed with these individuals after diagnosis but before starting treatment for OSA. To capture the full range of severity of OSA (from no disease to severe disease), an additional 16 community volunteers were recruited. These individuals were members of the West Australian Participant Pool of the University of Western Australia (WAPP-UWA), who completed a set of questionnaires on sleep health between October 2011 and October 2012, and who undertook cognitive assessment prior to a sleep study at the Centre for Sleep Science at the University of Western Australia. The study was approved by the Human Research Ethics Committees of Sir Charles Gairdner Hospital and the University of Western Australia. All participants provided written informed consent.
Measurements
Polysomnography (PSG) required the participants to attend a full, overnight laboratory-based sleep study. Electrodes were attached according to the American Academy of Sleep Medicine (AASM) recommendations: electroencephalogram (EEG) electrode, electrooculogram (EOG) channels, electromyogram (EMG) (chin and legs), oxygen saturation via pulse oximetry (SpO 2 ), electrocardiogram (ECG), thoracic and abdominal respiratory effort via belts, oral/nasal thermistor, nasal prongs and position sensor. Studies were analysed, and apnea-hypopnea index (AHI) and arousal index (ArI) were determined according to standard guidelines [30] .
Attention and memory were assessed using the Cognitive Drug Research System (CDR; United BioSource Corporation), a 30-min computerized battery of cognitive assessments [31, 32] . All CDR tasks were administered on a 15-in. screen laptop computer and included assessment of Attention (digit vigilance, simple and choice reaction time), long-term memory (delayed picture recognition, delayed word learning and delayed word recognition) and short-term memory (digit recall and visuo-spatial recall). Responses were provided either verbally or via a YES/NO response box.
Executive function was assessed using the clock drawing task (CLOX 1 and 2) [33] , the Controlled Oral Word Association task (COWA) and the Trail Making Test (TMT; Trails A and B) [34] [35] [36] .
Premorbid intelligence was assessed using the National Adult Reading Test-2 (NART-2), a widely accepted method of estimating premorbid IQ from current capacity, by testing reading capacity of irregular nouns [37] . The number of errors is used to estimate IQ using a regression equation, with fewer errors being associated with higher premorbid IQ. Irregular word reading ability has been shown both to correlate highly with full scale IQ [37] and to be resistant to decline due to dementia [38] .
Subjective sleepiness was assessed using the Epworth Sleepiness Scale (ESS) [39] including its separation into three factors: low, moderate and high situational somnificity [40] .
All cognitive assessments were administered by graduate psychologists at the University of Western Australia, and all sleep study measurements were obtained and scored by trained PSG technicians.
Analyses
Data screening and descriptive analysis were performed using SPSS 20.0 for Windows [41] .
Characterising hypoxia and sleep fragmentation The degree of hypoxia was operationalised in two ways: (i) mean overnight SpO 2 and (ii) minimum overnight SpO 2.
1 The degree of sleep fragmentation was also represented in two ways: (i) sleep efficiency, the ratio of time spent asleep (total sleep time/the amount of time spent in bed) and (ii) proportion of arousals not associated with a 3 % oxygen desaturation (Total ODI3) [42] , the latter being the number of times an individual's SpO 2 decreased to below 3 % of baseline. The purpose of this index was to model arousals not associated with a significant drop in oxygen, as significant respiratory events generally occur with an arousal making these two factors highly correlated.
Data screening Little's MCAR revealed that the data were missing completely at random, X 2 (485)=10.19, p=1.00. The proportion of missing values was less than 10 %, thus expectation maximisation was used to replace missing values [43] . Data were assessed for normality. Many variables violated normality assumptions; hence, generalised least squares (GLS) was used to calculate the estimates of model fit [44] . Furthermore, incremental fit indices are reported, as these have been shown to be less sensitive to non-normality [44] .
Confirmatory factor analysis CFA is a confirmatory form of SEM that can be used to confirm a theorised model. SEM is an extension of multiple regression designed to test a set of hypothesised relationships between variables, that are estimated simultaneously [45] . It provides a mechanism through which to examine the relationships between hypothesized constructs, whilst controlling for individual differences, such as premorbid intelligence and sleepiness, and accounting for measurement error. SEM is particularly useful when examining hypothesized constructs such as memory, attention and executive function, as it can account for measurement error that naturally exists between the 'pure' construct and its measurement providing a stringent test of the latent structure [46] [47] [48] . The weights presented in the figures represent standardized regression weights, and the online supplement presents a correlation matrix of all variables included in the final model.
CFA was used to evaluate the theoretical models (Figs. 1 and 2). The fit of the models was compared through examination of the chi-square difference test and incremental model fit indices. 'Good fit' indicates that the hypothesised model generates a sample covariance matrix that is similar to the observed covariance matrix inherent in the data set: that is the model is a good explanation of the variance in the observed data [49] . Good fit is indicated by a non-significant chi-square value, indicating that the observed and hypothesised models are similar, and fit indices are within recommended guidelines (Table 2 foot [46] [47] [48] 50] . The factor structure of the models was evaluated using AMOS 18.0 for Windows Version 2.0 [51] . The correlation matrix is provided in the online appendices, Appendix S1.
Four models were analysed. The first model examined the interrelationships between hypoxia/sleep fragmentation and cognitive function, controlling for premorbid IQ. The second model repeated this analysis, but controlled for premorbid IQ and age. A third model examined the interrelationships between AHI and cognitive function by replacing the measures of hypoxia and sleep fragmentation with AHI. This was performed because AHI is the primary measure of OSA disease severity used in current clinical practice [52, 53] , and the utility of this single measure to predict cognitive dysfunction is disputed [52, 53] . The fourth model assessed the role of attention in mediating cognitive deficits in the domains of short-and long-term memory and executive function. This model was examined because cognitive deficits in OSA have been proposed to be due to attention difficulties as a consequence of sleep fragmentation [15] .
Results
Descriptive data and preliminary analyses
Participants were aged 52.4±13.1 years (range 19 to 82 years), BMI was 33.0±7.8 kg/m 2 (range 15.5 to 57.5), AHI was 37.1 ±27.5 events/h (range 0 to 154), had received 11.9±3.1 years (range 6 to 23) of education, and 69 (46 %) were female. Descriptive statistics for cognitive and sleep apnea indices are provided in Table 1 .
Compared to the clinical sample (n=134), the community sample (n=16) was younger (p=0.001) and had more years of education (p=0.003). As anticipated, they had lower BMI (p= 0.003) and lower AHI (p=0.001). There were no differences between the groups in estimated premorbid intelligence (p= 0.234). For descriptive statistics on these variables, and for the sample as a whole, see Table 2 . Age and education were accounted for within the SEM analysis.
Model I: Hypoxia/sleep fragmentation vs. cognitive function Preliminary assessment of model weights showed that neither sleepiness nor somnificity factors [40] was related to any cognitive domain (p>0.05 for all) (Supplementary Table 2 weights are presented as standardised regression weights. Note. This model was also explored controlling for daytime sleepiness (using the ESS). ESS scores produced poor fit and were removed whilst premorbid intelligence was related to the cognitive domains (p<0.05) (Fig. 1) . Thus, sleepiness/somnificity was removed from subsequent models whilst premorbid intelligence was retained. The final model (Fig. 1) was a good account of the relationships between sleep fragmentation (i.e. proportion non-ODI3 arousals and sleep efficiency) and hypoxia (i.e. mean and lowest SpO 2 ) and cognitive function (Fig. 1) . Specifically, good model fit was indicated by a non-significant chi-square statistic, X 2 (79)=91.52, p=0.159, and incremental fit indices were within recommended guidelines ( Table 3) .
The strength of the interrelationships between sleep fragmentation, hypoxia and each cognitive factor (short-and longterm memory, attention and executive function) was assessed by examination of the beta weights (Fig. 1) . Because the sleep fragmentation and hypoxia factors were highly correlated (r=0.88) some paths from these factors to cognition had beta weights >1.0 [54, 55] , model fit was assessed when sleep fragmentation and hypoxia were combined into a single construct, 'sleep disturbance' (Supplementary Fig. 1 ). This model included measures of ArI as a proportion of total ODI3, sleep efficiency, mean and lowest SpO2 loading into a latent construct termed 'sleep disturbance' and examined the relationship between these constructs and cognition. Although chi-square model fit was non-significant, the Akaike Information Criterion (AIC) indicated that the one factor model (i.e. sleep disturbance) provided a poorer fit to the data than the original model. Thus, we retained the model separating sleep fragmentation and hypoxia.
The beta weights of Model I revealed a significant relationships between sleep fragmentation and both attention (r=1.16, p=0.04) and executive function (r=1.08, p=0.03), after controlling for premorbid intelligence (Fig. 1) , indicating that increased sleep fragmentation is significantly and positively related to increased difficulty with attention and with executive function.
Model II: Controlling for age
The model above was also examined controlling for age (Fig. 2) . This analysis was conducted separately in order to allow examination of the relationships prior to the removal of age from the model, as age was likely to be strongly associated with disease duration. All weights are presented as standardised regression weights. Note. This model was also explored controlling for daytime sleepiness (using the ESS). ESS scores produced poor fit and were removed
This model was a good account of the relationships between sleep fragmentation (i.e. arousals as a proportion of total ODI3 and sleep efficiency) and hypoxia (i.e. mean and lowest SpO 2 ) and cognitive function (Fig. 2) . Specifically, good model fit was indicated by a non-significant chi-square statistic, X 2 (90)=103.72, p=0.153, and incremental fit indices were within recommended guidelines (Table 3) .
When age was added, however, there was no longer a significant relationship between either of the sleep disturbance factors and any cognitive factor. That is, the relationship between sleep fragmentation, attention and executive function was no longer found.
Model III: AHI
The model fit was also assessed when hypoxia and sleep fragmentation were replaced by AHI. For this model (Supplementary Fig. 2 ), chi-square was statistically significant, X 2 (57)=86.31, p=0.007, and incremental fit indices did not meet required cut points (CFI=0.39, RMSEA=0.06, SRMR= 0.08). Such findings indicate that severity of AHI does not predict the level of cognitive performance in OSA.
Model IV: Cognitive dysfunction mediated by attention
A model was also developed to test the hypothesis that cognitive deficits in executive function and memory are mediated by attention (Supplementary Fig. 3 ). This model would not converge; hence, this model provided a poor account of the data and could not be explored further.
Discussion
This study used structural equation modelling to examine the effects on cognition of sleep fragmentation and hypoxia in OSA, while controlling for the potential confounding influences of age, premorbid intelligence, mood and sleepiness.
Before controlling for age, greater sleep fragmentation significantly predicted poorer executive function and attention, whereas hypoxia was unrelated to cognition. After controlling for age, sleep fragmentation joined hypoxia in failing to predict level of cognitive performance in any domain (attention, language, executive function or episodic memory). This is not the first study to report no relationship between the severity of cognitive deficits and the severity of OSA (see studies reviewed by Aloia et al. [6] and presented in Table 3 of their publication). Previous studies, using the AHI, have explained their finding by arguing that AHI is a poor index of OSA severity, at least as it relates to the cognitive burden of the disorder [53] . Other authors have suggested that the lack of a relationship is due to the lack of control of the interindividual factors of age, premorbid IQ, daytime sleepiness or attention [15, 26, 53, 56] .
This study addressed all of these methodological criticisms and still failed to find a relationship between OSA severity and cognition. What should be made of such findings?
The simplest explanation for the results of the present and other similar studies [6, 7] is that there is no dose-response relationship in OSA. That is to say, over a critical threshold there will be neural damage and cognitive dysfunction, but this will not increase with increasing severity of sleep fragmentation or hypoxia.
However, given that cognitive performance is related to time spent without oxygen in other instances of hypoxia (e.g. climbing at altitude [57] and carbon monoxide poisoning [58] ) and longer time exposed to sleep deprivation results in greater cognitive dysfunction [28] , this account seems unlikely. An alternative hypothesis is that hypoxia or sleep fragmentation is not captured appropriately and/or that the correct mechanisms of harm are not being captured.
An individual's level of hypercapnia is closely linked to their level of hypoxia, and excessive levels of carbon dioxide are found in individuals with OSA [30, 59] . Yet, hypercapnia is not routinely explored in OSA-cognition research, despite being included as a potential mechanism of harm in the dominant model of cognitive harm in OSA [10] . Further, there is evidence that the degree of hypercapnia correlates with overall cognitive impairment [60] .
Alternatively, routine indices of sleep fragmentation (ArI) and hypoxia (SpO2) may be insufficiently sensitive to the extent of sleep disturbance or the length and depth of hypoxia [61] . An individual with OSA may exhibit many small fragmentations of sleep architecture, shallow or lengthy oxygen desaturations, not captured by standard indices. Novel measures that capture more detail about sleep fragmentation [62] or describe the length and depth of desaturation (e.g. Integrated Area of Desaturation) [61] may demonstrate greater sensitivity to a dose-response relationship in OSA.
The impact of inter-individual differences: Age and IQ
The final model showed that, when premorbid IQ was accounted for, more severe sleep fragmentation, but not hypoxia, was significantly associated with poorer attention and executive dysfunction, but not with poorer memory. However, adding age resulted in these relationships becoming nonsignificant. A simple explanation for this finding is that age accounts for all of the cognitive deficits seen in OSA. This is unlikely, as case-control studies (with participants matched for age) reveal clear evidence of cognitive deficits in OSA [4] . Furthermore, not all individuals experience age-related cognitive decline, nor are all individuals affected equally. Indeed, many older adults stay cognitively healthy [63] [64] [65] . Given that there is no good measure of disease duration in OSA, and that older individuals are likely to have experienced OSA for longer, age itself is confounded with disease duration. By controlling for age, it is possible that the variance of interest in an exploration of the mechanisms of cognitive harm in OSA has been discarded. One of the challenges for the field of sleep medicine, therefore, is to develop sound methods of estimating or measuring disease duration.
The choice of measures of sleep fragmentation and hypoxia in the present study was guided by indices that are routinely produced by most sleep software and that have previously been shown to be related to aspects of cognition [6] . Statistical modelling showed that measures of hypoxia and sleep fragmentation exhibited a large degree of covariation, indicating shared underlying variance, even after calculating an index of arousals independent of 3 % oxygen desaturation. The importance of this covariance was investigated by modifying the original model such that sleep fragmentation and hypoxia were considered as a single factor by: (i) loading all measured variables from the latent factors 'sleep fragmentation' and 'hypoxia' onto a single factor (termed sleep disturbance) and (ii) replacing sleep fragmentation and hypoxia with AHI. In both cases, the resultant model fits were not improved relative to the model that utilised separate constructs of hypoxia and sleep fragmentation, suggesting that separating out these components of potential harm was the correct approach. The present study was also careful to consider the potentially important confounding influences of premorbid intelligence and sleepiness in assessing cognitive function in individuals with OSA. The finding that premorbid intelligence was positively related to cognition was expected and underscores the importance of controlling for this when evaluating cognition in OSA [26, 36, 66, 67] . In contrast, analysis of subjective sleepiness revealed that neither ESS total nor factors of situational somnificity were related to cognition. Such findings support studies reporting that subjectively measured sleepiness and somnificity are not related to cognition in OSA [68] . One reason for this might be that individuals with chronic sleep restriction, as occurs in OSA, can become desensitized to the feeling of sleepiness [14] .
The role of attention in mediating cognitive deficits in OSA warranted a separate analysis, given the proposal that sleep fragmentation might cause impaired attention which, of itself, could lead to impaired memory and executive function [15, 17, 69] . However, the resultant model fit was poor, suggesting that attention deficits did not explain the effect of sleep fragmentation on attention and executive function.
Cognitive damage, but no relationship to disease severity Despite growing evidence that OSA is associated with cognitive impairment [4] , the findings of the present study, and those of meta-analyses and systematic reviews, have revealed no consistent evidence that the degree of sleep fragmentation or hypoxia is related to the degree of cognitive dysfunction in OSA [6, 7] . There are several possible reasons for this lack of association.
First, it is possible that the cognitive dysfunction in OSA is due to a mechanism not captured in the models presented in the current study. One such mechanism could be recruitment of additional brain regions to compensate for poor cognitive performance. Consistent with this hypothesis, Ayalon et al. [66] reported that individuals with OSA recruit additional brain areas, not typically recruited during a verbal learning task, and Castronovo et al. [67] reported increased activation in the left frontal cortex, medial precuneus and hippocampus in OSA patients, whilst performance was at the same level as controls.
Second, individual differences might play a more critical role than previously credited [14] . Such a concept arises from emerging research indicating that the relationship between disease severity and cognitive dysfunction is the product of a multitude of vulnerability and protective factors [10, 70] , of which sleep fragmentation, hypoxia and cognitive reserve are only three aspects [14, 71, 72] . These other facets could include duration of disease (as noted above) [72] , genetic vulnerability (e.g. apolipoprotein e4 genotype) [71, 72] , the role of the blood brain barrier [73] and cerebral blood flow [74] .
Third, the present study examined attention, memory and executive function as whole domains, rather than exploring separate facets of these domains [7, 8] . Cognitive domains such as executive function are not unitary constructs and should be considered umbrella terms for a range of different cognitive capacities [75] [76] [77] . For example, executive function can be divided into shifting, updating, inhibition, generativity and fluid reasoning [75] [76] [77] . Decomposing each cognitive domain, and then exploring the contribution of a range of risk and protective factors specific to OSA, could enable a more targeted analysis of the impact of OSA on cognition.
Last, as mentioned briefly before, measurement of hypoxia through SpO 2 may be a poor proxy measure of the underlying mechanism by which hypoxia causes harm, namely oxidative stress [78, 79] , particularly given that oximetry measured below 80 % SpO 2 is not particularly reliable or accurate [80] . Animal models suggest that oxidative stress and apoptosis-related neural injury might be measured more directly by Brain Derived Neurotrophic Factor (BDNF) [81] , thioredoxin [78] or NADPH Oxidase [79] . It remains unclear whether such measurements would be of value in individuals with OSA.
Conclusions
Our findings demonstrate that the relationship of cognitive deficit to sleep fragmentation and hypoxia in OSA is still unclear. That OSA causes cognitive impairment is not in doubt. However, until disease duration can be measured and specific mechanisms of harm, the nature of protective and risk factors, and their relationship to specific aspects of cognitive ability are established, there is no basis on which to identify who is most at risk of cognitive decline or how to intervene most effectively.
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